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ABSTRACT 

Left-handed Z-DNA has been identified as a transient 
structure occurred during transcription. DNA B-Z 
transition has attracted much attention because of 
not only Z-DNA biological importance but also their 
relation to disease and DNA nanotechnology. 
Recently, photoluminescent carbon dots, especially 
highly luminescent nitrogen-doped carbon dots, 
have attracted much attention on their applications 
to bioimaging and gene/drug delivery because of 
carbon dots with low toxicity, highly stable 
photoluminescence and controllable surface 
function. However, it is still unknown whether 
carbon dots can influence DNA conformation or 
structural transition, such as B-Z transition. Herein, 
based on our previous series work on DNA inter- 
actions with carbon nanotubes, we report the first 
example that photoluminescent carbon dots can 
induce right-handed B-DNA to left-handed Z-DNA 
under physiological salt conditions with sequence 
and conformation selectivity. Further studies 
indicate that carbon dots would bind to DNA major 
groove with GC preference. Inspired by carbon dots 
lighting up Z-DNA and DNA nanotechnology, several 
types of DNA logic gates have been designed and 
constructed based on fluorescence resonance 
energy transfer between photoluminescent carbon 
dots and DNA intercalators. 

INTRODUCTION 

DNA is polymorphic and exists in a variety of distinct 
conformations in vivo (1-3). In addition to the canonical 
right-handed B-form, left-handed Z-DNA has been 
identified under physiological conditions as a transient 
structure occasionally induced by biological process, 



such as transcription, methylation of cytosine and DNA 
supercoiling (4,5). The high-binding affinity and specificity 
of Z-DNA-binding proteins or enzymes to Z-DNA 
domain indicate that the formed transient structure is 
novel and important regulators of several genes, such 
as c-myc, colony stimulating factor l(CSF-l) and a 
disintegrin and metalloproteinase domain-containing 
protein 12 (human ADAM- 12) (6,7). The biological rele- 
vance of Z-DNA with Alzheimer's disease (AD) risk 
factors has also been recently reported (8). Besides, 
DNA B-Z transition has been used in DNA nanotechnol- 
ogy for design and manufacture of artificial nucleic acid 
structures (9,10) for technological uses and even for syn- 
thetic biology (11). Therefore, DNA B-Z transition has 
attracted much attention because of not only Z-DNA bio- 
logical importance but also their relation to disease and 
DNA nanotechnology. From numerous experimental and 
theoretical approaches, it is known that GC-rich B-DNA, 
which usually contains alternating syn-G and anti-C nu- 
cleosides, is favored to convert to Z-DNA by several 
external stimuli, such as high ionic strength (over 2M 
NaCl) (12,13), negative supercoiling (14), solvent condi- 
tion (8), protein binding (15) and chemical modification 
(16). Few small molecules, cobalt hexamine, polyamines, 
cationic copolymer and polynuclear platinum complexes 
(17-21) and two pairs of enantiomers (13,22) have been 
reported to stabilize Z-DNA and induce DNA allosteric 
transition. Considering the biological importance of 
Z-DNA and application of B-Z transition in DNA nano- 
technology, greater efforts are urgently needed for de- 
veloping new Z-DNA-binding agents that can promote 
B-Z transition under physiological conditions and 
provide potential for DNA nanotechnology. 

Carbon nanomaterials have shown potential applica- 
tions ranging from gene therapy, novel drug delivery to 
biosensing. Among them, the interactions between single- 
walled carbon nanotubes (SWNTs) and DNA have 
received great attention, and significant progress has 
been made. Zheng et al. (23) have shown that a particular 
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sequence of single-stranded DNA self-assembles into a 
helical structure around individual carbon nano tubes. 
Strano et al. (24) have reported that DNA B-Z transition 
induced by metal ions can still occur on the surface of 
SWNTs. Our group has carried out a series of DNA inter- 
actions with SWNTs (25-32) and found that SWNTs can 
destabilize duplex DNA, induce a sequence-dependent 
DNA B-A transition (29) and can facilitate self- 
structuring of ssRNA poly(rA) to form A*A + duplex 
structure (30). Intriguingly, SWNTs, not multi-walled 
carbon nanotubes, can selectively stabilize and induce 
human telomeric i-motif DNA formation and cause 
telomere dysfunction (25-28). All these works indicate 
that the intrinsic properties of material itself have a 
great influence on its applications, such as the surface 
functionalization, the degree of match between the size 
and DNA structure (25-32). As a new emerging member 
of carbon nanomaterials, photoluminescent carbon dots 
(C-dots, sub-lOnm), especially nitrogen-doped C-dots, 
have attracted growing interests in recent years owing to 
their great potential in biological labeling, bioimaging, 
drug delivery and optoelectronic device applications with 
stable photoluminescence, broad excitation spectrum, 
tunable emission wavelength and excellent biocompatibil- 
ity (33-35). Recently, polyethylenimine-passivated C-dots 
as a nanogene vector has been reported to condense 
double-stranded plasmid DNA and mediate its transfec- 
tion and exhibit upregulation of marker gene expression 
over naked DNA using COS-7 and HepG2 cells (36). 
Inspired by the intriguing enhanced photoluminescence 
of nitrogen-doped C-dots and progress on carbon nano- 
tube-DNA interactions, we attempted to explore whether 
functionalized C-dots can change DNA structure and 
facilitate DNA structure transition, especially B-Z 
transition. 

We report here for the first time that positively charged 
spermine-functionalized C-dots (SC-dots) can induce 
DNA B-Z transition, even under physiological (low salt 
concentration) condition [10 mM PBS, 100 mM NaCl 
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Scheme 1. Schematic representation of the B-Z DNA transition 
induced by SC-dots (A) and designed logic gates (B). 



(pH = 7.2)] with sequence selectivity (Scheme 1A). The 
binding mode, binding preference and the impact on 
DNA conformation transition were carefully studied. 
Contrasting changes for SC-dots binding to poly[dGdC]: 
poly[dGdC] (GC-DNA) and P oly[dAdT]:poly[dAdT] 
(AT-DNA) were observed. For GC homopolymer and 
calf thymus DNA (ct-DNA), on SC-dots binding, 
typical circular dichroism (CD) spectra of Z-DNA were 
observed, but no such change was observed for AT-DNA. 
Our spectral and competitive binding studies provided 
direct evidence that SC-dots could induce DNA B to Z 
transition under low salt condition, and they bound to the 
DNA major groove with GC preference. Furthermore, 
using this unique photoluminescent SC-dots to lighten 
up Z-DNA structure, several optical logic gates were 
designed (Scheme IB), which might provide new insights 
into the applications of C-dots under physiological condi- 
tions and the novel use of Z-DNA in nanoscience and 
DNA nanotechnology. 

MATERIALS AND METHODS 

Materials 

D-(+)-glucose (99.995%), spermine (97%) and NaCl 
(99.999%) were purchased from Aldrich. The ct-DNA 
was obtained from Sigma and purified before use. 
Poly[dGdC]:poly[dGdC] (GC-DNA), poly[dAdT]:poly 
[dAdT] (AT-DNA), polydA and polydT were purchased 
from Pharmacia as shown in Supplementary Table SI. 
The concentration of ct-DNA, GC-DNA and AT-DNA 
were determined by ultraviolet (UV) absorbance 
measurements using the extinction coefficient: 
8 260 = 12 824 M" 1 cm" 1 , 8 260 = 16 800 M" 1 cm" 1 , s 260 = 
13 200 M" 1 cm" 1 , respectively. Oligonucleotides were 
stored frozen — 20°C before use, and the concentration 
of stock solutions was determined by UV absorbance. 
Ethidium bromide (EB), Hoechst 33258 and daunomycin 
(DM) were purchased from Sigma, and methyl green 
(MG) was purchased from Aldrich and were used 
without further purification. Their concentrations were 
determined by absorbance measurements using the extinc- 
tion coefficient: s 480 = 56 00 M" 1 cm" 1 , e 338 = 42 0 00 M" 1 
cm" 1 , s 48 o = 11 500 M" 1 cm" 1 for EB, Hoechst 33258 and 
DM, respectively. All the experiments were carried out in 
phosphate buffer [10 mM, 100 mM NaCl (pH = 7.2)] 
unless stated otherwise. In sodium iodide fluorescence 
quenching experiments, the ionic strength was kept 
constant. All aqueous solutions were prepared using 
ultra-pure water (18.2 MQ, Milli-Q, Millipore). 

Measurements 

FT-IR characterization was carried out on a BRUKE 
Vertex 70 FT-IR spectrometer. Sample was thoroughly 
ground with exhaustively dried KBr. Atomic force 
microscope (AFM) measurements were performed using 
Nanoscope V multimode atomic force microscope (Veeco 
Instruments, USA). Transmission electron microscopy 
(TEM) images were recorded using a FEI TECNAI G2 
20 high-resolution transmission electron microscope 
operating at 200 kV. Powder X-ray diffraction data were 
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collected on a Bruker D8-ADVANCE diffractometer 
equipped with Cu Koc at a scan speed of 5min _1 . The 
potentials of the carbon dots were measured in a Zetasizer 
3000HS analyzer. Energy Dispersive Spectrometer (EDX) 
for element analysis was carried out on a Hitachi S-4500 
instrument. X-ray photoelectron spectroscopy (XPS) 
analysis was measured on an ESCALAB MK II X-ray 
photoelectron spectrometer using Mg as the exciting 
source. 

CD spectra were measured at 25°C on a JASCO J-810 
spectropolarimeter with a computer-controlled water 
bath. The optical chamber of CD spectrometer was 
deoxygenated with dry purified nitrogen (99.99%) for 
45min before use and kept the nitrogen atmosphere 
during experiments. Three scans were accumulated and 
automatically averaged. Absorbance measurements and 
melting experiments were made on a Cary 300 UV/Vis 
spectrophotometer, equipped with a Peltier temperature 
control accessory. All UV/Vis spectra were measured in 
1.0 cm path length quartz cuvettes with the same concen- 
tration of SC-dots aqueous solution as the reference. 
Primary data were transferred to the graphics program 
Origin for plotting and analysis. Fluorescence experiments 
were carried out on a JASCO FP-6500 spectrofluorometer 
at 25°C. 

Preparation of carbon dots 

According to our described procedures on carbon dots 
synthesis (35), the mixture of 0.1 g D-(+)-glucose, 0.1 g 
spermine and 0.01 g NaCl was mixed thoroughly in 1 ml 
H 2 0 under lower power, then irradiated with intermittent 
heating (~30 s/time) and mixing in a domestic microwave 
oven (750 W) for a total of 3min. The color-changed 
solution was subsequently dialyzed through the molecul- 
arporous memebrane tubing (MWCO:1000, Spectrum 
Laboratories, Inc. US) for further characterization and 
use. G-dots solution was obtained as control by the 
similar procedure, just no spermine containing. 

Logic operations 

AND gate: Four separate Eppendorf tubes corresponding 
to the four possible states of the AND gate (0,0; 1,0; 0,1; 
1,1) were prepared by addition of solution of the AND 
gate (5 ug/ml SC-dots solution), 2 uM ct-DNA (input- 1, In 
1) and 1 uM EB (input-2, In 2) in lOmM phosphate 
buffer, 100 mM NaCl (pH 7.2). These samples were 
incubated at 25°C for 2min. Fluorescence spectra were 
then measured individually be excitation at 400 nm and 
recording the fluorescence emission at 585 nm (Out 1). 

NAND gate: For NAND gate, the same conditions 
were used as AND gate. Fluorescence spectra were then 
measured individually being excited at 400 nm and record- 
ing the fluorescence emission at 465 nm (Out 2). 

AND + INH and NAND + INH gates: Two gates were 
constructed based on whether the Nal can quench the 
fluorescence of SC-dots, and then they influenced the 
fluorescence resonance energy transfer (FRET) process. 
Based on the aforementioned logic gates, iodide ion was 
further adopted as the third input (input-3, In 3). These 
samples were incubated at 25°C for 2min. Fluorescence 



spectra were then measured individually be excitation at 
400 nm and recording the fluorescence emissions at 585 nm 
(Out 3) and 465 nm (Out 4). 



RESULTS AND DISCUSSION 

To perform DNA B-Z transition, water-soluble positively 
charged SC-dots were first prepared through microwave 
assisted synthesis, which would provide a facile, economic 
and green one-step route for large-scale synthesis of C- 
dots (Supplementary Scheme SI) (37). The mixture of 
D-glucose, spermine and a tiny amount of NaCl 
(10:10:1, weight ratio) was irradiated with intermittent 
heating and mixing in a domestic microwave oven 
(750 W) for a total of 3min. As shown in Figure 1A and 
inset, the emission spectra of the as-prepared SC-dots were 
broad, ranging from ~425 (blue) to ~540nm (yellow), 
with a dependence on the excitation wavelength. TEM 
(Figure IB inset) showed that the as-prepared SC-dots 
had a diameter distribution of 2.26 ± 0.9 nm (based on 
statistical analysis of >100 dots, Supplementary Figure 
S2). The XPS spectra (Figure IB) of SC-dots showed 
three peaks at 284.5, 400.0 and 530.8 eV, which were 
attributed to Ci s , N ls and Oi s , respectively. The C !s 
spectrum (Supplementary Figure S3B) showed two peaks 
at 284.6 and 288.1 eV, which were attributed to C-C and 
C = N/C = O, respectively. The Nls peak around 
400.8 eV also indicated the presence of C = N— C forma- 
tion (38). Elemental analysis revealed that the composition 
of SC-dots was C 51.73, O 24.06, N 21.96 and H 
(calculated) 2.25%. FT-IR spectra (Figure 1C) were 
further used to identify the functional groups presented 
on SC-dots. The broad bands ^2930 cm -1 and 
3345 cm -1 suggested the existence of N-H and -OH 
groups. A significant new band ~ 1650.4 cm -1 was 
attributed to the stretching vibration peak of C = N 
bond, i.e. Schiffs base structure by the reaction of 
aldehyde ends of the D-glucose and amine moieties of 
spermine with the imine linkages (39,40). X-ray diffraction 
pattern displayed a broad diffraction peak at 26 = 20.8°, 
indicating an amorphous nature (Supplementary Figure 
S4) (36). The SC-dots were positively charged owing to 
the presence of amino groups outside, which was consist- 
ent with the zeta potential value (18.24 mV). 

Next, we studied the interactions between DNA and SC- 
dots. CD spectra showed that GC- and AT-DNA DNA 
were in B-form with a positive band near 270 nm and a 
negative band near 250 nm in the absence of SC-dots 
under physiological conditions (Figure 2) (29). On 
addition of SC-dots, the canonical B-form of GC-DNA 
was changed, at 5 ug/ml SC-dots, Z-DNA CD characteris- 
tics with a positive band near 260 nm and a negative band 
at 294 nm were observed (17-22), indicating that B-Z tran- 
sition occurred (Figure 2 A) (12-21,41). The transition was 
cooperative and the transition midpoint was ~2 ug/ml SC- 
dots. As for AT-DNA, it persisted in B-form on addition of 
SC-dots under the same conditions. The negative band of 
B-DNA near 250 nm was hardly changed even at 5 ug/ml 
SC-dots (Figure 2B and Supplementary Figure S5A). The 
Z-DNA peaks of GC-DNA increased after gradually 
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addition of SC-dots (Figure 2C). As the B-Z transition was 
accompanied by a change in the UV spectrum, a marked 
hypochromism and bathrochromic shift was also observed 
(Figure 2D) (17,20). UV spectral change of AT-DNA was 
also different from GC-DNA, and there was no obvious 
shift on SC-dots binding (Supplementary Figure S5B). 
Moreover, carbon dots prepared by using glucose alone, 
named as G-dots (zeta potential of — 0.13mV, 
Supplementary Figure S6), and spermine itself were used 
as control agents; neither of them could induce B-Z transi- 
tion under the same experimental conditions (Figure 3). As 
indicated previously (17-22), two factors are mainly 
required to trigger B-Z transition, shielding of the electro- 
static repulsion from phosphate groups of DNA and 
reducing water activity in Z-DNA stabilization (17-22). 
As DNAs bind to positively charged SC-dots, various inter- 
actions of DNA bases and backbone with SC-dots, such as 
hydrophobic interactions, electrostatic interaction, van der 
Waals, can take place. The strong interaction between SC- 
dots and DNA can disturb DNA hydration layer, even 
DNA structure, which was similar to SWNTs (25-32). 
Previous studies showed that GC homopolymer has a 
strong tendency for aggregation than AT homopolymer, 
and GC homopolymer could undergo B-Z transition by 
reducing water activity (42). Under the usual experimental 
condition for the transition, GC homopolymer will aggre- 
gate, whereas AT homopolymer remains in B-form (17-22). 



We further examined the change in 2M NaCl solution; 
however, the transition was not induced by SC-dots, sug- 
gesting that the electrostatic interaction between SC-dots 
and DNA was important for the B-Z transition to occur 
(Supplementary Figure S7). Surface charge of a 
nanoparticle plays a crucial role for its potential capability 
to alter DNA structure. It has been reported recently that 
cationic gold nanoparticle (~1.5nm) can induce DNA 
bending and strand separation, by tuning and balancing 
charge and hydrophobicity one could envision 
nanoparticles engineered to evoke a specific structural 
response from DNA (43). 

Although SC-dots could induce natural ct-DNA (42% 
GC and 58% AT) (29) to Z-form, it was not as easily as 
that for GC-DNA (Figure 4A). This indicated that 
SC-dots-induced B-Z transition was dependent on 
DNA GC content. One comparably minor increase at 
near 250 nm and a decrease near 295 nm were observed 
when SC-dots were added to ct-DNA solution 
(Figure 4A and Supplementary Figure S8). However, 
the G-dots and spermine also could not induce ct-DNA 
to occur B-Z transition (Supplementary Figure S9A). 
Under high salt condition, the CD spectra of ct-DNA 
were compared before or after addition of SC-dots 
(Supplementary Figure S9B), the transition was not 
induced by SC-dots, further indicating that the electro- 
static interaction between SC-dots and DNA was 
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Figure 3. CD spectra of (A) GC-DNA and (B) AT-DNA (black), DNA solutions after addition with 5 )ig/ml G-dots (red) and after addition with 
5mM spermine (blue). 



important for the B-Z transition to occur. Supplementary 
Figure S10 showed the results of 1% agarose gel electro- 
phoresis of ct-DNA with SC-dots. With the increase of 
amount of SC-dots, the intensity of ct-DNA bands 
decreased, and the migration was retarded. As water 
activity is an important apparent driving force for B-Z 
transition and the water activity of GC-rich region is 
lower than AT-rich region (29), GC-DNA undergoes 
the B to Z transition most easily, whereas AT-DNA 
resists the B-Z transition. It speculates that the cationic 
surface of SC-dots serves to reduce electrostatic repulsion 



among DNA phosphate backbone, and the hydrophilic 
sugar groups, which reduce activity of water; these two 
factors can act cooperatively to unwind DNA helix 
and lead to destabilization of double-stranded DNA 
(17-22,25-29). 

CD spectra showed that the DNA ellipticity 
changed following the order GC-DNA > ct-DNA >AT- 
DNA>polydApolydT (Supplementary Figure Sll). It is 
well-known that GC-DNA, AT-DNA and ct-DNA are 
in the B-form, whereas polydApolydT has distinct struc- 
tural and functional properties and adopts a non-B 
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solution (c, blue); SC-dots alone (d, green), ct-DNA: 30 fig/ml; MB: 
25 uM; SC-dots: 5 jig/ml. 



conformation (17,44). The CD spectrum of polydApolydT 
displayed an unusual shape with split bands in the region 
of 260-300 nm as a result of the stacking of bases with 
relatively large propeller twist (18-24°) (17). On addition 
of SC-dots, UV spectrum of polydApolydT showed a 
cross point at 284 nm, and the CD signal was decreased 
slightly while no obvious change occurred at 5 ug/ml SC- 
Dots, which indicated that SC-dots could not facilitate 
polydApolydT to occur structure transition 
(Supplementary Figure Sll). 

To further establish SC-dots DNA binding mode, the 
commonly used competitive binding assay was carried out 
(29). Our results clearly indicated that SC-dots could in- 
fluence the interactions between DNA and MG, a proven 
DNA major groove binder (29,45,46). Figure 4B showed 
CD spectral changes in the presence of SC-dots. For MG, 
there was no CD signal under our experimental condi- 
tions. When it bound to ct-DNA, three induced CD 
signals characteristic of bound MG ~310, 430 and 
650 nm were observed. With addition of SC-dots, the 
induced CD intensity was disappeared; typical data were 
shown in Figure 4B, which was consistent with our 
previous reports that SWNTs would exclude MG out of 
DNA major groove (29). Then, the ct-DNA CD spectrum 
became like the one of DNA/SC-dots in the absence of 
MG, further supporting that SC-dots could bind to DNA 



major groove. It is well-known that EB and DM can inter- 
calate into DNA through the minor groove, and Hoechst 
33258 is a classical DNA minor groove binder (47-49). 
When bound to DNA, the fluorescence of EB or 
Hoechst is greatly enhanced, and DM fluorescence is 
strongly quenched. With this in mind, if SC-dots competi- 
tively bind to the same site of DNA as EB, Hoechst or 
DM, the fluorescence of EB and Hoechst would strongly 
decrease, and the fluorescence of DM would significantly 
increase because the strong binding of SC-dots with DNA 
should exclude these DNA binders out of their minor 
groove binding sites. The fluorescence competitive 
binding assay has been widely used to establish DNA- 
binding mode (26,50-52). As shown in Figure 5A-C, 
when these molecules were added to ct-DNA/SC-dots 
solution, DM fluorescence was also well quenched, and 
the fluorescence of EB or Hoechst was still enhanced, 
although the emission intensity was lower than that of 
EB or Hoechst bound to B-DNA alone (8). It indicated 
that EB, Hoechst and DM could still bind to DNA 
through minor groove even in the presence of SC-dots 
binding. In combination with CD competitive binding 
results (Figure 4) of DNA major groove binder, MG, 
fluorescence experiments further supported that SC-dots 
could bind to DNA major groove, not to minor groove. 

We also carried out Nal quenching experiments. Iodide 
ions cannot quench the fluorescence of these dye mol- 
ecules when they are bound to DNA (53). Figure 5D 
showed that the fluorescence was not quenched by 
iodide for EB or DM. For Hoechst 33258, the whole in- 
tensity decreased because SC-dots also had strong 
emission ~460nm as the same as Hoechst 33258, and 
iodide ions could well quench the fluorescence of SC- 
dots, as shown in Supplementary Figure S12 and inset. 
All the aforementioned results indicated that SC-dots 
could bind to DNA major groove. Spermine molecule 
could neutralize repulsive phosphate interactions 
between DNA helices and bridged them by a hydrogen- 
bonding network and formed hydrogen bonds exclusively 
with convex surface (the Z-DNA equivalent of the major 
groove) of duplex and with phosphate oxygens (53,54). 
The convex surface of Z-DNA is ~2nm, which is more 
suitable for the SC-dots binding. Furthermore, one 
spermine molecule has been reported to interact simultan- 
eously with three Z-DNA duplex (53), which would supply 
another clue for the possibility of condensed mechanism 
between DNA and SC-dots. AFM studies showed that ct- 
DNA was condensed when it bound with SC-dots, and the 
condensation was depended on the amount of SC-dots 
(Supplementary Figure SI 3). 

Recently, the B-Z transition has been explored from 
nanotechnological points of view and used as the driving 
machinery of a nanomechanical DNA device (55,56). 
DNA molecules are versatile building blocks for construc- 
tion of synthetic logic gates to conduct computing and 
logic operations at literally the nanosized level (57-60). 
Here, based on occurrence of FRET between SC-dots 
and DNA intercalater, EB, several optical Z-DNA-based 
logic gates have been designed and constructed. 

To create a Z-DNA-based AND gate, we coupled two 
molecular recognition events in series to cause a change in 
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Figure 5. Fluorescence emission spectra of (A) 1 jjM EB (Excitation wavelength: 480 nm); (B) 1 jiM Hoechst 33258 (Excitation wavelength: 
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Figure 6. (A) Scheme of AND and NAND logic gates principle. (B) Fluoresent spectra of (a) SC-dots only, (b) SC-dots/ct-DNA, (c) SC-dots/ct- 
DNA/EB, (d) SC-dots/EB, excitation wavelength: 400 nm. On excitation at 400 nm, fluorescence output at 585 and 465 nm were recorded in AND 
and NAND gates, respectively. (C) Truth table. (D) AND/NAND logic scheme. 
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Figure 7. (A) Fluoresent spectra of (a) SC-dots/ct-DNA, (b) SC-dots/ 
ct-DNA/EB, (c) SC-dots/ct-DNA/Nal, (d) SC-dots/ct-DNA/EB/Nal. 
(B) Truth table. (C) AND + INH/NAND + INH logic scheme. 



the photonic output of the gate in solution (Figure 6A). 
AND logic is represented by the situation where the 
output of an AND gate is true only if both inputs are 
true. SC-dots solution showed highest emission near 
465 nm on excitation at 400 nm, and the two inputs were 
ct-DNA (In 1) and the DNA intercalater, EB (In 2). EB 
had absorption ~480nm, which overlaped with the 
emission wavelength of SC-dots (Figure 1A). The output 
of the AND gate was measured on excitation at 400 nm by 
fluorescence output at 585 nm (Out 1, Figure 6), the 
emission wavelength of EB. After interacting with one of 
the inputs (ct-DNA or EB), there was nearly no fluores- 
cence ~585nm. Only both of the inputs existed, the fluor- 
escence increased, indicating that the SC-Dots and EB 
came close enough and an efficient FRET occurred 
(61,62). NAND logic is the result of sending an AND 
gate through an inverter, which causes all 0 states to 
switch to 1 and vice versa. Thus, NAND logic has an 
output of 1 for all combinations of binary inputs except 
the (1,1) situation where the output now becomes 0. The 
Z-DNA-based AND gate was converted to a NAND gate 
by simply switching the emission wavelength to 465 nm 
(emission of SC-dots, Out 2, Figure 6) instead of 585 nm. 

Iodide ion has been proved to quench the fluorescence 
of SC-dots (Supplementary Figure S12 and inset) but 
cannot quench EB fluorescence on its binding to DNA 
as discussed earlier in the text. This was adopted 
as the third input (In 3). In the induced Z-DNA system, 
the FRET occurred with the excitation of 400 nm, and the 
gradual addition of Nal could quench the fluorescence of 



SC-dots at 465 nm, then induce the fluorescence of EB at 
585 nm decreased (Supplementary Figure S14A). If excited 
at 480 nm directly, the EB emission was almost unchange- 
able as shown in Supplementary Figure S14B. Therefore, 
the AND + NIH, NAND + NIH logic gates were con- 
structed with fluorescence outputs at 585 nm (Out 3) and 
465 nm (Out 4), respectively, by using the specific system 
induced by SC-dots through lightening up Z-DNA and 
quenched by iodide ion (Figure 7 and Supplementary 
Figure SI 5). 



CONCLUSION 

In summary, photoluminescent SC-dots can induce DNA 
B-Z transition under physiological salt condition with 
sequence selectivity. Contrasting change for SC-dots 
binding to GC-DNA and AT-DNA are observed. 
Further studies indicate that SC-dots bind to DNA 
major groove with GC preference. Based on photo- 
luminescent SC-dots-induced DNA B-Z transition and 
FRET, several DNA logic gates are constructed. To the 
best of our knowledge, this is the first example that 
functionalized C-dots can influence DNA structure and 
induce DNA B-Z transition under physiological low salt 
condition. As C-dots have shown potential applications 
that range from nanodevices, gene therapy and drug 
delivery, our studies would provide new insight into 
understanding the biomedical effects of C-dots on 
Z-DNA and shed light on their applications to DNA 
nanotechnology. 
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